Ambiguities between monitoring protocols and management priorities are not exclusive to coral reefs. Similar examples exist for terrestrial and wildlife monitoring programs despite their longer history of investigation (Yoccoz et al. 2001, Nichols and Williams 2006) . It is not surprising that many of the problems underlying the misalignment of monitoring practices and management needs are conceptually similar. Perhaps the most notable concern is a limited appreciation of how survey designs influence estimates of population variance, which in turn constrain the questions that can be asked and determine the statistical approaches that can be taken (Olsen et al. 1999) . In the present article, we highlight the importance of understanding the nature and cause of variation in biological resources prior to specifying sampling designs and protocols. We do not imply a philosophy of standardization and commonality for monitoring programs. Rather, we focus on common improvements that better align monitoring protocols (i.e., science) with management needs.
Regional versus local approaches
Regional and local approaches to coral-reef monitoring strongly differ in their spatial mandate and goals. Regional programs span entire ocean basins and are usually focused on detecting overall trends in resource populations through time (e.g., detecting changes in fish biomass across I n 1998, an unusually strong thermal stress event coupled
with an El Niño Southern Oscillation caused extensive coral bleaching across coral reefs in the Pacific, Indian, and Atlantic Oceans (Wilkinson and Hodgson 1999 , Spencer et al. 2000 , Loya et al. 2001 , Aronson et al. 2002 . Although the extent of coral mortality was devastating in some regions, the 1998 thermal stress catalyzed the growth of coral-reef monitoring programs (figure 1). These programs were initialized primarily because coral reefs provide intrinsic value and goods and services to millions of people worldwide (Brander et al. 2007 , Tapsuwan and Asafu-Adjaye 2008 , Cruz-Trinidad et al. 2011 , Stoeckl et al. 2011 ) and tracking their fate became imperative. Along with the growth in monitoring programs came an associated growth in the number of protocols used to assess coral-reef assemblages (Weinberg 1981 , Brown et al. 2004 , Lam et al. 2006 , Nadon and Stirling 2006 , Leujak and Ormond 2007 ). Yet, a decade has now passed, and the available literature reveals a greater focus on describing coral-monitoring methods than on describing biological trends (as evidenced in Web of Science and Google Scholar title, keyword, and complete searches). It appears that disproportional attention is being given to constructing novel monitoring approaches rather than to answering existing management questions. However, the questions asked dictate the nature and extent of sampling and not vice versa (figure 2).
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Forum geographical sectors of the Great Barrier Reef or along the Florida Keys; Sweatman et al. 2005 , Somerfield et al. 2008 , Smith et al. 2011 . When examining why change is proceeding in a specific direction or why recovery is not progressing, regional programs often benefit from collaborations with nearby research centers (McCook et al. 2010, Richmond and Wolanski 2011) . Conversely, local programs operate at smaller spatial scales and are tasked with developing questions, protocols, and emergent trends with less capacity and fewer collaborative opportunities. Despite a reduced allocation of resources toward local programs, there is a growing body of evidence that suggests that localized management of watersheds and fisheries may be among the best options to buffer against intensifying disturbance regimes that are associated with climate change Steneck 2008, Hughes et al. 2010) . The existing dichotomy between management needs and monitoring resources highlights the point that more resources need to be allocated for local monitoring efforts.
Question-driven monitoring framework Generating tangible monitoring questions requires background knowledge and pilot studies that pertain to the natural history of the environment and the distribution of resources (Dayton 2003) . Preliminary questions that serve to focus monitoring efforts include What is an appropriate geographic scale for monitoring? What are the environmental regimes that should be considered in survey designs? How are biological resources naturally distributed across the study regions being examined? Answers to these questions provide a foundation for structuring monitoring designs and for efficiently focusing on the coral-reef resources of interest. Two generalized monitoring approaches that benefit from prior knowledge are surveillance monitoring and targeted monitoring (Nichols and Williams 2006) . Surveillance monitoring is focused on documenting change across the study area of interest, regardless of its cause. It is often used to assess disturbance and recovery cycles on coral reefs, addressing questions such as Which coral reefs are most resistant to disturbance regimes, including Acanthaster planci outbreaks, typhoons, and climate-induced bleaching? And which coral reefs recover most rapidly following a disturbance? The results from surveillance monitoring provide an overall assessment of the study area and can be used to identify one or more locations that have lower than expected levels of resistance or resilience. In this sense, surveillance monitoring can pave the way for targeted monitoring that answers critical questions directly related to management decisions, such as What are the relative impacts of putative Forum gradients, such as wave exposure or watershed discharge, magnifies this variance (van Woesik and Done 1997). Therefore, large-scale random sampling often requires intensive effort, because high variances are to be expected. Depending on the questions being asked, stratification of the sampling domain can focus sampling and reduce spatial variance. Stratification is justified when the among-habitat variance is greater than the within-habitat variance.
Case study: Tumon Bay, Guam In Tumon Bay, Guam, a stratified approach was initially undertaken to assess the efficacy of a limited-take marine protected area (MPA). Randomized transects were placed along the outer reef slope, between a 7-meter (m) and a 15-m depth, within the MPA and also within a reference area ( figure 3a). Initial studies showed that coral assemblages varied predictably along a gradient of wave exposure. Particularly variable was Porites rus, which is more common in sheltered bays than on shallow, exposed slopes (figure 3b; Houk and van Woesik 2010) . At the site level, the waveexposure gradient in Tumon Bay resulted in a high (statistical) variance in coral coverage estimates, and the pilot study showed a low (statistical) power to detect change through time.
One common solution to the high variance problem seen in Tumon Bay would be to increase the number of replicate transects surveyed to improve power. Alternatively, a second option would be to stratify the sampling regime on the basis of predictable wave exposure. Subsequent surveys showed that food-fish abundances were not influenced by the same wave-exposure gradient as the corals were ( figure 3c), and because the goal of monitoring was to evaluate trends and relationships in both assemblages, the researchers took the approach of further stratification. The pilot studies, therefore, facilitated the optimization of the sampling design to ensure that monitoring could evaluate the dynamics of both fish and coral populations, so that the researchers could eventually test for their interaction. This example supports the assertion that sampling protocols strongly influenced the population variances, which in turn constrained the questions that could be answered (Hurlbert 1984 , Schreuder et al. 2001 , Houk and van Woesik 2006 , Smith et al. 2011 ).
Population variance
Heterogeneous populations are common challenges for coral-reef monitoring programs. We next outline a hypothetical example in which statistical power was compared with sampling effort for aggregated and sparsely distributed populations, and we sampled them at varying intensities (see figure 4 and the supplemental appendix, available online at http: //dx.doi.org/10.1525/bio.2013.63.4.10 , for the R code for comparing statistical confidence with effort for user-defined populations). As the sampling effort was increased, the estimated means remained similar for the two populations. However, a reduced standard deviation quickly became evident for the aggregated population, which led to an increase stressors such as watershed pollution and fishing pressure on coral-reef resources? Which species are most vulnerable to watershed discharge? Are management strategies effectively improving fishery resources? And what are acceptable pollution and fishing thresholds to ensure sustainable coral-reef resources through time?
Clearly, the type of monitoring employed is highly dependent on the questions being asked, but the spatial scales of interest must be considered alongside the questions. Pacific jurisdictions range from individual islands (e.g., Guam, an individual high island) to extensive archipelagos (e.g., the Republic of the Marshall Islands, with 29 emergent atolls). A question-driven framework that seems intuitive for small islands or for groups of islands in close proximity may be problematic when it is applied to larger jurisdictions. Therefore, one of the most challenging aspects of coral-reef monitoring is to hierarchically define the priority questions for which clear answers are needed (figure 2).
Survey design
There has been considerable study on the strengths and weaknesses of different sampling protocols (Weinberg 1981 , Aronson and Swanson 1997 , Brown et al. 2004 , Houk and van Woesik 2006 , Lam et al. 2006 , Leujak and Ormond 2007 . Although some form of randomization is the fundamental principle underlying all survey designs (Hurlbert 1984 , Green 1989 , Dutilleul 1993 , Krebs 1999 , and determining the level of randomization that should be incorporated into sampling strategies is still a significant challenge. At one end of the sampling spectrum are fixed designs that permanently mark and track individual organisms or specific reef substrates through time (Edmunds 2002 , Brown et al. 2004 ). These approaches are ideal for estimating rates of coral recruitment, growth, and mortality (Baird and Marshall 2002, van Woesik and Jordán-Garza 2011) . Such data provide a foundation for assessing specific relationships between biological parameters and environmental conditions. However, the more targeted sampling becomes-for example, by recording fine-scale details at fixed sites-the lower is the ability to upscale the findings to entire reefs of interest. In addition, there is a relatively high cost and effort in establishing fixed sites and an ongoing cost involved in site maintenance. There are also time considerations when relocating sites.
In contrast, some programs employ fully randomized designs by projecting spatial grids over a defined study region and randomly selecting sites during each sampling event (Cochran 1977) . With enough replication, large-scale randomized designs accurately assess population densities or biomass across the geographical scales of interest (Smith et al. 2011 ). However, these approaches often provide less information on the processes that are driving the patterns, especially if the sampling transverses environmental gradients (Green et al. 2011) . Although any increase in spatial scale leads to an associated increase in the estimated population variance (Hanski 1991) , sampling across environmental in statistical power. In order to improve our confidence in sparsely distributed population estimates, back-calculations were conducted to estimate the effort required to attain high (i.e., greater than 70%) statistical power (Fairweather 1991 , Smith et al. 2011 . Despite tripling the sampling effort and eventually obtaining high power, the standard deviation reached an asymptote by the time 13 samples were taken. Therefore, the continuous rise in statistical power was simply an artifact of increasing the sample size (n, where power is approximately n ÷ variance) and had nothing to do with an improved ability to account for the spatial variance in the population (Seavy and Reynolds 2007).
The above exercise highlights how balancing sampling effort with statistical rigor, especially for sparsely distributed populations, can be confounded by the assumptions of homogeneity that are associated with univariate back-calculations. Adaptive sampling is one way of dealing with heterogeneous populations (Acharya et al. 2000 , Philippi 2005 ), whereby sampling is intensified in the known vicinity of the resource being monitored and abundance estimates are scaled accordingly. However, for coral-reef ecosystems, most monitoring programs deal with a suite of species, nested within one or more assemblages. Therefore, adaptive sampling principles are often not applicable. We conclude that power calculations Forum stationary point counts (SPCs; with 5-m-radius observation circles, 3 minutes long each) spaced at equal distances along five 50-m transects at the 8-m depth contour. Initial univariate calculations showed a mean statistical power of 48% (1 -β = .48, standard deviation (SD) = 0.15) for detecting a 30% change in total fish biomass, with standard deviations stabilizing at 10 replicates. However, improved statistical confidence became evident when a multivariate approach was employed, which decreased the assemblagelevel population variance ( figure 5; Otýpková and Chytry 2006, Anderson et al. 2008) . Principal component ordinations were used to depict the relationship between sampling effort and saturation of the coefficient of variation (i.e., the point at which additional effort did not improve the multivariate confidence intervals). Using the sampling intensity at the saturation point of 12 SPCs, we found no significant difference in overall fish biomass on the basis of univariate comparisons (t-tests) between these two study sites that differed in management status (mean (M) = 5.85 kilograms (kg), SD = 0.63 versus M = 4.17 kg, SD = 0.58 per SPC; t(11) = 2.02, p = .065). There were, however, significant differences in fish composition, determined with multivariate pairwise comparisons (using a permutational multivariate analysis of variance test, pseudo-F(1,10) = 2.38, p = .006). Multivariate patterns were subsequently interpreted using vector overlays that depicted species weights on the basis of their correlation coefficients, highlighting the relative contribution of each species in determining the overall plot are clearly useful tools for coral-reef monitoring programs but that they may be most effective when they are combined with multivariate approaches that simultaneously account for a suite of species abundance patterns.
Case study: The Commonwealth of the Northern Mariana Islands A useful comparison of univariate and multivariate statistical confidence stems from a monitoring program in the Commonwealth of the Northern Mariana Islands (CNMI). One goal of CNMI's program was to generate reliable estimates of food-fish populations that could be examined with respect to benthic substrates and coral communities across the southern, inhabited islands. Sampling was stratified by wave exposure, reef type, watershed development, and management status. Protocols for estimating food-fish abundances included surveying 12 replicate Saturation is considered to be the point at which additional replicates do not change the overall centroid location.
structure (Anderson et al. 2008) . Similar pairwise comparisons of all major fish families would suffer from nonindependence and would require extensive Bonferroni or other p-value corrections. The CNMI example highlights how a complementary, multi variate approach, in which sampling effort was estimated, provided added guidance for addressing management priorities and shows that programs can benefit from employing a variety of sampling and analytical techniques.
Conclusions
We conclude that a priori defined, question-driven frameworks form the basis for monitoring programs that can best address pressing management issues. Because management priorities are dynamic and can change with both the political landscape and when more knowledge becomes available, approaches that simultaneously address several pressing concerns are desirable. Establishing study designs that can answer a maximum number of questions at a minimal cost requires existing information and pilot studies that describe the natural strata of reef environments. There are a diversity of approaches that can aid coral-reef monitoring programs in accurately detecting biological trends through time. Care should be taken to preserve monitoring repeatability; however, inflexibility may be a waste of valuable resources if the pressing questions change. Finally, increased sampling for the sake of lowering univariate p-values makes little sense without also considering different approaches that better incorporate the nature of variation in coral-reef settings.
